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Abstract 

Fully epitaxial magnetic tunnel junctions (MTJs) with ofF-stoichiometric Co2-based Heusler al- 
loy shows a intense dependency of the tunnel magnetoresistance (TMR) on the Mn composition, 
demonstrating giant TMR ratios of up to 1995% at 4.2 K for This work reports on the electronic 
structure of non-stoichiometric Co^MnyGex thin films with a fixed Co/Ge ratio oi x : z = 2 : 0.38. 
The electronic structure was investigated by high energy, hard X-ray photoelectron spectroscopy 
combined with first-principles calculations. The high-resolution measurements of the valence band 
of the non-stoichiometric CoxMuyGe^ films close to the Fermi energy indicate a shift of the spectral 
weight compared to bulk Co2MnGe. This is in agreement with the changes in the density of states 
predicted by the calculations. Furthermore it is shown that the co-sputtering of Co2MnGe together 
with additional Mn is an appropriate technique to adjust the stoichiometry of the Coi^MuyGe^ film 
composition. The resulting changes of the electronic structure within the valence band will allow 
to tune the magnetoresistive characteristics of CoxMuyGez based tunnel junctions as verified by 
the calculations and photoemission experiments. 

PACS numbers: 79.60.1, 79.60.Jv, 85.75.d, 73.50.-li 
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I. INTRODUCTION 



Nowadays, C02 based Heusler compounds are successfully used as ferromagnetic elec- 
trodes providing a spin polarized electrical current in tunneling magnetoresistive (TMR) 
junctions^"^. To produce high performance spintronic devices with C02 based Heusler thin 
films as ferromagnetic electrodes, it is necessary to clarify the dependence of the magne- 
toresistive characteristics on the stoichiometry of the Heusler film electrode and its impact 
on the selection of materials for TMR devices. However, very little is known about the 
electronic structure of non-stoichiometric Heusler compounds. 

Furthermore, partially substitution of one of the elements in the ternary Heusler T2T'M 
(where, T, T' is transition metals and M main group element) can be used to design new 
materials with predictable properties^i^, such as tuning the Fermi energy in to the middle of 
the minority band gap''. The partially substitution of the elements in T2T'M leads to sub- 
stitutional quaternary alloys of the type T2T[_^T'J.M or T2T' Mi^^M'^. The quaternary alloy 
C02Cro.6Feo.4Al has attracted emerged interest as potential material for magnetoelectronics, 
due to the large MR-i^. The band structure calculations confirmed the halfmetallic state of 
this compound in the ordered L2i structure^'^'^. Recently, several groups developed fully 
epitaxial magnetic tunnel junctions (MTJs) based on C02Cro.6Feo.4Al as a lower electrode 
and a MgO tunnel barrier—"—. However, a disorder of the structure results in a strongly 
reduced magnetic moment as well as a loss of the half-metallic character—"^. 

Co2MnZ (Z = Si, Ge, Sn) are representatives of Heusler compounds with a specific elec- 
tronic band structure providing a pronounced dependence of its transport properties on the 
orientation of the electron spin^*^. Structural and magnetic properties of Co2MnSi were 
reported for films and single crystalsi^-iJl and the compound was suggested to be suitable 
for mag netic tunnel junctions (MTJs)^'^^'^. A high TMR ratio of 179% at room tempera- 
ture (RT) and 683% at 4.2 K was revealed by Ishikawa and coworkers^. The Substitution of 
Fe by Mn in Co2Fea;Mni_j;Si shows a dependency of half-metallicity and Gilbert damping 
constant on the composition x^'^. Recently, anisotropic magnetoresistance (AMR) effect 
was systematically investigated in epitaxially grown Co2Fe^Mni_^Si Heusler films with re- 
spect to Fe composition x and the annealing temperature^^. It was shown that the AMR 
effect can be an indicator of half-metallicity. 

An appropriate alternative to Co2MnSi is the isovalent Co2MnGe with 29 valence elec- 
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trons in the primitive cell. Recently, Co2MnGe was investigated in greater detail by theoret- 
ical and experimental methods in order to prove the half metallic ferromagnetic character, 
as well as their crystallographic structure, mechanical and transport properties^i. This 
compound is of interest for spintronic applications because it combines high Curie temper- 
ature (905 K)"^, high magnetic moment (5 /ie)^, and coherent growth on top of semicon- 
ductors^iiS^. The non-stoichiometric Co2MnGe was successfully used to produce magnetic 
tunnel junctions^S^^. Hakamata and coworkers fabricated epitaxial MTJs with a Co-rich 
CosMnGe film and reached relatively low TMR ratios of 83% at RT and 185% at 4.2 K-^. 
Thereafter, Taira and coworkers investigated the influence of the annealing temperature on 
the performance of the MTJs. They achieved a significant increase of the TMR up to 160% 
at RT (376% at 4.2 K) by annealing at 500°C^»2i. This increase was explained in terms 
of the increase in the interfacial spin polarization at the Fermi level associated with the 
change in the spin-dependent interfacial density of states. On the other hand, the effect 
of defects in Co2Mn^Ge5 and Co2MnQ,Si films on the TMR ratio was extensively studied in 
Reference^ where a strong dependence on the composition and Mn content was observed. A 
high TMR ratio of 650% at 4.2 K and 220% at RT for CosMn^jGe^ with (3= 1.40 was found. 
The highest TMR ratios for Heusler based MTJs of 1135% at 4.2 K and 236% at RT was 
achieved for Mn-rich Co2MnaSi electrodes with a = 1.29. It was suggested that detrimental 
CoMn antisites can be suppressed by preparing the films with a Mn-rich composition. 

The present work reports on the theoretical background and experimental studies of the 
electronic structure of non-stoichiometric Co2Mn^Ge5. ab-initio electronic structure calcu- 
lations are used to verify the range of existence of the half-metallic ferromagnetic behavior. 
High resolution photoelectron spectroscopy of the core levels and valence states of buried 
Co2Mn^Ge5 films was used to explore the electronic structure in comparison to the theoret- 
ical predictions. Hard X-ray photoelectron spectroscopy (HAXPES) was previously shown 
to be a bulk sensitive probe of the electronic structure^"—. The use of high-brilliance high- 
fiux X-rays from the third-generation synchrotron radiation sources results the emission of 
electrons having high kinetic energies, in turn leading to a high probing depth because of the 
increased electron mean free patb^. Recently, several studies using high-resolution HAX- 
PES have been realized. The electronic structure of solids like valence transitions in bulk 
systems^ as well as multilayer systems^ and the valence band of buried thin films^^ have 
been investigated. Newly, The use of polarized light in combination with HAXPES enables 
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the analysis of the symmetry of bulk electronic states^^ as well as the magnetic properties 
of buried layers^. HAXPES was used in the present work to study buried Co2Mny3Ge5 films 
underneath MgO/AlOj; capping layers. The study of core level photoelectron spectra of 
the buried Heusler thin films gives information on the electronic structure and the chemical 
composition of these films. 

II. EXPERIMENT 

For the present study, special multi-component thin film arrangements were produced 
that corresponded to a half of a magnetic tunnel junction as used in TMR devices (see Fig- 
ure [1]). In particular the free electrode was modeled. The fabricated sample layer structure 
was as follows: MgO(OOl) substrate (0.5 mm) / MgO buffer layer (10 nm) / Co2Mn^Ge5 
(30 nm or 50 nm) / MgO barrier (^Mgo) / AlO^; (1 nm) cap. ^MgO = 2 nm and 20 nm were 
chosen for the thickness of the MgO layer. The topmost AlO^; was used for protection of 
the hygroscopic MgO layer during contact with air. The sample structure is sketched in 
Figure [H 

/ 1 nm AlO^ cap 

^^^B^™''^'' (Vo= 2, 20 nm) 



(30nm, 50nm) Co,MnpGeg 



lOnm MgO buffer 
0.5 mm MgO(OOl) substrate 



FIG. 1. Schematic sample structure. 

Each layer in the sample layer structure was successively deposited in an ultrahigh vac- 
uum chamber (base pressure: about 6 x 10~® Pa) through the combined use of magnetron 
sputtering for Co2MnGe and Al, and electron beam evaporation for MgO. The fabrication 
procedure was the same as in previous works^i^. The thin films were deposited at 300 K and 
subsequently annealed in situ at 500°C for 15 min. Co-sputtering from an additional Mn 
target was applied to vary the Mn content of the Co2Mn/3Ge5 thin films. X-ray diffraction re- 
vealed that the Co2Mn^Ge5 films have a dominating L1\ crystalline structure. The resulting 
Co2MnGe layers used in the photoemission study were estimated to be non-stoichiometric 
with the compositions of 2 : 1.03 : 0.38, 2 : 0.77 : 0.42, and 2 : 0.67 : 0.38 (see Reference^i) . 
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The MgO barrier was deposited at 300 K. The AlO^ cap was prepared by exposing the 
sputter-deposited Al layer to an O2 atmosphere of ~ 1 x 10^ Pa for 2 hours. 

The precise occupation probabihty for each particular site of an assumed L2i structure 
is unknown although the relative amounts of constituents are well-defined. For this reason 
we will use the composition formulct^ derived from theoretical estimations^^ of the defect 
formation energies, using the permanent ratio of Co:Mn:Ge as 2 : /3 : 0.38. Firstly, it 
is assumed that the Co-Mn-Ge alloy series basically does not contain vacancies. The Ge 
deficiency is compensated by Mn (Mnce antisites). The lack of Mn in its native octahedral 
position is backfilled by Comh antisites. Further, the lack of Co in the tetrahedral sites 
is compensated by Mnco antisites. This leads to the following compositions for 6 = 0.38: 
Co2(Mni_^Co^)(Gei_j^Mnj^) for Mn deficit (/3 < 1.62) and (Coi_^/2Mn^/2)2Mn(Gei_j^Mn3^) 
for Mn excess {(3 > 1.62). For 6 = 0.38, the x and y antisite concentrations as function of 
the Mn content parameter /3 are determined by the relations: 

• 2 + x:l-x + y:l-y = 2:l3: 0.38 (/3 < 1.62); 

• 2-x:l + x + y:l-y = 2: 13 : 0.38 {(3 > 1.62) , 

This corresponds to the experiments reported in Reference^i. 

In the regular L2i structure of the X2YZ Heusler compounds, the atoms occupy the 
Wyckoff positions 8a (X2) (T^), 4a (Y) (Oh), and 4b (Z) (Oh) of the primitive cell with 
F m3m symmetry (space group 225). Table [T] summarizes the site occupations of the prim- 
itive cell for the different /3 values. /3 = 0.286 corresponds to a DO3 structure according to 
Co3(Mno.43Geo.57). It should be noted that for compositions with Mn : Co > 2 (/3 > 1.62) 
a F-type structure with F 43m symmetry (space group 216) can be expected where the 
8c position of the L2i structure is split into 4c and 4d such that all sites (4a-4d) have 
symmetry. In that case Mn may occupy 4a and 4c whereas Co and Ge are distributed on 4b 
and 4d. Further, it is known that the binary alloys Coo.sMuo.g^ or Coo.stGco.is^^ crystallize 
in fee lattices with random site occupation and similar lattice parameters. Therefore, other 
types of disorder or site occupations cannot be excluded. Due to the similar scattering am- 
plitudes of the constituents, however. X-ray diffraction is not unambiguous in the structure 
determination. 
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TABLE I. Selected site occupations of the primitive cell for the different (3 values of Co2Mn^Geo.38- 
The ratio of the Co:Ge content is fixed at 2 : 0.38 and all sites are completely occupied. Ge is 
placed exclusively on the 4b position. The site occupation for the compound with Co:Ge = 2 : 0.42 
and the original L2i structure are included for completeness. 



Composition 




Co (8c 


) Co (4a) 


Mn (4a) 


Mn (8c) 


Ge (4b) Mn (4b) 


C03Mno.43Geo.57 


0.28667 


100% 


100% 








57% 


4370 


C02.62Mno.88Geo.49 


0.67 


100% 


62% 


38% 





50% 


50% 


C02.5Mno.97Geo.53 


0.77, 5 = 0.42 


100% 


51% 


49% 





52% 


48% 


C02.37Mn1.i8Geo.45 


1 


100% 


37% 


63% 





45% 


55% 


C02.35Mn1.21Geo.44 


1.03 


100% 


35% 


65% 





45% 


55% 


C02Mn1.62Geo.38 


1.62 


100% 





100% 





38% 


62% 


C01.82Mn1.82Geo.35 


2 


91% 





100% 


9% 


35% 


65% 


C01.68Mn2Geo.32 


2.38 


84% 





100% 


16% 


32% 


68% 


Co2MnGe 


L2i 


100% 




100% 




100% 





III. CALCULATIONS OF THE ELECTRONIC STRUCTURE 

To understand the electronic structure of the non stoichiometric compounds, first- 
principles calculations were performed using the KKR (Korringa-Kohn-Rostoker) Green's 
function method as implemented in the Munich SPR-KKR (spin-polarized relativistic) 
packag The chemical disorder is treated by the coherent potential approximation 

(CPA)^»^. Exchange and correlation are treated within the local spin density approxima- 
tion (LSDA) using the parametrization of Vosko, Wilk and Nussair^-. The full symmetry 
potential method was used in order to account for the non spherical character of the atomic 
potentials in solids that is rather significant in Heusler compounds. The fc-integration mesh 
was set to a size of (22 x 22 x 22) during the selfconsistent cycles resulting in 328 points 
in the irreducible wedge of the Brillouin zone. The expansion in spherical harmonics up 
to /max = 3 (/-electrons) was found to be numerically sufficient. The calculations were 
performed for a disordered L2i structure to account for the composition dependence. The 
site occupations for the different compositions are explained in detail in Section [III 

The results of the electronic structure calculations are discussed in the following. It is 
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FIG. 2. (color online) Spin-resolved DOS calculated for (a) Mn-deficient (/? < 1.62) series, (b) 
Mn-excessive (/3 = 1.62,2.0) series. Minority states {],) are shown on a negative scale. 

obvious from the comparison of the density of state (Figures [2](a) and (b)) that the most 
significant factor influencing the electronic properties is the formation of CoMn-antisites in 
the Mn-poor regime (/3 < 1.62). In full analogy to Co-Mn-Si alloy systems^i^, CoMn- 
antisites introduce impurity-like states (shown separately in Figure E]) inside of the half- 
metallic band gap that seriously destroy the spin-polarization (see Figure H) /3 < 1.62). In 
general, the spin polarisation at the Fermi energy is defined by: 

t'fnf(eF)+i,Jni(tF)' ^' 
where and ^4. are the Fermi velocities for majority and minority electrons, respectively. 
In photoemission one has x = such that the spin polarisation is purely given by the 
majority (n^) and minority {n^) densities. The situation is, however, different for the TMR 
wherefore the values can not be compared directly but only their trend. It is worthwhile to 
note that in halfmetallic ferromagnets one has Piep) = 1 independent of the method. 

The total magnetic moment in the Mn-deficient alloy strongly deviates from the Slater- 
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FIG. 3. (color online) Total DOS (sum of both spin channels) calculated for (a) Mn-defficient 
(/3 < 1.62) (b) Mn-excess (/3 = 1.62,2.0). 

Pauling rule (Figure El^a): /3 < 1.62). This reasonably agrees with the measured TMR ratio 
and magnetic moments^. 

In contrast, the excess of Mn (which result in a formation of Mnco antisites) does not 
influence the half- metallic gap noticeable (Figure [SJ^b)). The system remains nearly half- 
metallic. This restores the Slater-Pauling behavior of the total magnetic moment (Fig- 
ure [5t^a): /3 > 1.62). The slightly reduced value of the spin-polarization for /3 > 1.62 
is mainly caused by Mnce antisites permanently present in the whole series. This is also 
reflected in a slightly reduced value of the total magnetic moment compared to the Slater- 
Pauling rule. 

As it follows from the calculated atomic-resolved magnetic moments shown in FigureO^b), 
the total magnetization is mainly controlled by the amount of Comh and Mnco antisites. For 
the Mn-deficient system the strong moment at the Mn atom (about 3 /^b) in the octahedral 
position is accompanied by the lower moment of the CoMn antisite (about 1.9 /ie). This 
is the reason for the violation of the Slater-Pauling rule. On the other hand, all possible 
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FIG. 4. Spin-polarization P at the Fermi energy calculated as a function of Mn composition (3. 
Compared are the values from ab-initio calculations to experimental values calculated from the 
TMR measured at 4.2 K (see Ref.i^i) using Ptmr = TMR/{TMR + 2). The vertical line assigns 
/? = 1.62. 




FIG. 5. (color online) (a) Total magnetic moments calculated as a function of Mn composition /3 
(experimental data from^^); (b) Calculated partial magnetic moments. (See TableUfor the notation 
of the Wyckoff positions 4a, 4b, 8c and their site occupations; vertical lines are at /3 = 1.62.) 

Mn permutations always result into half-metallic contributions. For the Mn-excessive alloys, 
formation of the Mnco antisites at tetrahedral positions exhibit a negative moment of about 
— 1.7 fiB- The ferrimagnetic coupling between the regular Mn atom and the Mnco antisite 
appears because they are nearest neighbors. Obviously, the magnetic interaction between 
neighboring Co atoms is smaller when part of them occupies CoMn antisites due to the 
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smaller extend of the (i-wave functions. 

From the comparison of the total (spin-integrated) density of states (see Figure [3]) and 
the photoelectron spectra (Figure [TD]), it was found that the Mn Cg states decrease with 
decreasing Mn content. For the Mn-poor alloys the minimum of the density of state at 
the Fermi energy is destroyed by the appearance of Comh antisites. With increasing the 
Mn content the model system behaves as a half-metal following the Slater-Pauling scenario. 
The rapid decrease of the measured magnetization^ above /3 = 1.4 (see Figure [5]^a)) may 
be attributed to difference types of disorder including possible structural distortions in thin 
films. 



FIG. 6. (color online) Spin-resolved DOS of CoMn (Co antisites) for Mn-deficient regime (/3 < 1.62). 
Minority states {\) are shown on a negative scale. 

IV. HARD X-RAY PHOTOELECTRON SPECTROSCOPY 

The HAXPES experiments were performed at the undulator beamlines BL15XU and 
BL47XU of SPring-8. At BL15XU, the photon energy was fixed at 5.9469 keV using a 
Si(lll) double crystal monochromator (DCM) and a the 333 refiection of a Si channel-cut 
post monochromator. At BL47XU, the photon energy was fixed at 7.9382 keV using a 
Si(lll) DCM and a Si(444) channel-cut post monochromator. The photo-emitted electrons 
were analyzed for their kinetic energy and detected by a hemispherical analyzer (VG Scienta 
R4000). The overall energy resolution (monochromator plus analyzer) was set to 250 meV, 




-6 -4 -2 
Energy E - e^, [eV] 
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as verified by spectra of tlie Au valence band at tlie Fermi energy (ep). Additionally, spectra 
close to the Fermi energy were taken with a total energy resolution of 150 meV. The angle 
between the electron spectrometer and photon propagation is fixed at 90° in all experiments. 
A near normal emission {6 = 2°) detection angle was used resulting in an angle of photon 
incidence of a = 88°. The measurements were taken at sample temperatures of 20 K and 
300 K. 

A. Core level spectroscopy 

Hard X-ray core level spectra were measured on Co2Mn^Ge5 films with different compo- 
sitions to investigate the influence of the off-stoichiometry on the spin orbit splitting as well 
as the exchange interaction of the unpaired valence electrons with the core holes. 

Figures [7](a) and (b) compare the hard X-ray Co 2p and Mn 2p core level spectra of the 
non-stoichiometric Co2Mn^Ge5 films covered with 2 nm MgO. The spectra were taken at 
room temperature with an excitation energy of about 8 keV. Concentrating on the Co 2p 
region, Figure [Tl^a) illustrates a spin-orbit splitting between the Co 2p3/2 and 2pi/2 states 
of about 14.86 eV. There is no remarkable change of the splitting or line width detected 
for the different non-stoichiometric films. All spectra exhibit a satellite at about 4 eV 
below the center of the 2p3/2 main line. Such satellites were also observed in the previous 
work^^i^I. The satellite emerges from the interaction of the 2p core hole with the partially 
filled d valence bands. To clarify the detailed origin of the satellite structure, theoretical 
calculations are required that treat the details of the exchange interaction between the Co 
3d electron occupation (in other words, the band structure) and 2p core hole states. At the 
2pi/2 state it is only seen weakly as a tail at the low energy side due to shorter lifetime of 
the core hole compared with the 2p3/2 state. 

Figure [Z(b) shows the Mn 2p photoelectron spectra for the buried Heusler thin films 
C02Mn1.03Geo.38 and C02Mno.67Geo.38- The peak intensity of the spin-orbit split 2p states of 
the Mn-rich film Co2Mni o3Geo.38 were slightly higher than those with less Mn. This is in 
agreement with the estimated composition of the films. In analogy to the Co 2p spectra, 
the Mn 2p core level shows the spin-orbit splitting of about 12.1 eV. Different to the Co 
2p spectra, the multiplet splitting of the Mn 2^3/2 state was clearly revealed (see inset in 
Figure Et^b)). It was shown theoretically and experimentally for the case of Mn that the 
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Coulomb interaction of the 2p core hole and the 3d valence electrons leads to the splitting 
of the Mn 2^3/2 level into several main sub levels^ caused by existence of more than one 
possible final ionic state during ejection of an electron from the p shell. The effect of the 
exchange interaction between 2p core hole and the partially filled d-bands is less pronounced 
at the 2pi/2 state but still clearly detectable. The small influence of the composition on the 
Mn 2p derived multiplet is in agreement with the electronic structure calculations where the 
localized Mn d bands and the magnetic moment at Mn are stable against variation of the 
composition. This finding underlines the localized character of the Mn valence d electrons. 




Energy E - [eV] 



FIG. 7. HAXPES spectra of the Co 2p (a) and Mn 2p (b) core level of Co2Mn^Ge5 films. The 
spectra are taken at room temperature. The excitation energy was set to hv = 7.9382 keV. The 
inset in (b) shows the details of the Mn 2^3/2 peak on an enlarged scale. 



Figure E] compares the hard X-ray photoelectron spectra of the shallow core levels with low 
binding energy of the 50 nm thick C02Mno.77Geo.42 layer buried underneath MgO/AlOa, with 
different thicknesses of the MgO interlayer. The intensity ratios of the core level I^^/I^f 
of the films covered with 2 nm or 20 nm thick MgO are 0.95 or 16.45, respectively. This 
strong increase is caused by the increase of the emission from the thick MgO layer. The 
inset of Figure [8] shows the valence band of the covered thin films. The high intensity at 
-1.3 eV below cf is clearly resolved and agrees well with the bulk spectra (see also: Figures [H] 
and nU]) . The low lying s band below -8 eV is only seen for the film with the 2 nm thick 
MgO layer. This part, in addition to the lower parts of the p and d bands, is covered by 
the emission from the Mg 3s and O 2p states when the MgO film is 20 nm thick. This has 
been already reported for other Heusler compounds^ and makes clear that the valence band 
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spectra close to the Fermi energy are not influenced by the insulating layers above. 




Energy E - [cV] 

FIG. 8. HAXPES spectra of the shallow core states of buried C02Mno.77Geo.42 thin films. The 
spectra with different thickness of the MgO layer (2 nm and 20 nm) are compared. The excitation 
energy was set to 7.9392 keV. The small peak at about -25 eV is due to the O 2s excitation. The 
inset compares the valence band spectra for different MgO thickness. 

B. Valence band spectroscopy 

Figure [9] compares the valence band spectra of the non-stoichiometric Co2Mn^Ge5 films to 
stoichiometric bulk Co2MnGe. The main features of the valence band of the thin films agree 
well with that of the bulk sample. The intense, broad band at about -10.5 eV is observed 
for the buried films as well as for the bulk sample. This band is related to Ge aig (s) states 
and is separated from the remaining valence bands by the sp hybridization gap at around 
-8.5 eV. This low lying band gap is characteristic for well ordered Heusler compounds with 
L2i structure. This hybridization gap is well pronounced for the bulk sample, confirming 
the ordered structure. Additional features within the sp hybridization gap are seen in the 
spectra of the buried films. Partially, this intensity arises from the O 2p states of the oxide 
overlayers and thus a direct comparison to the clean bulk material is not straightforward. 
However, the difference in the spectral shapes between the films with altered composition 
one has the same overlayer and differences in the spectra can be considered as an evidence 
for the disorder rising up when changing the composition. The spectral shape above about 
-6 eV are not influenced by the MgO and AlOa, layers as already mentioned above. Overall, 
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the spectra of the Co2Mn^Ge5 films show broadened structures compared to the spectrum 
of bulk Co2MnGe. This broadening of the bands is explained by the disturbed translational 
periodicity due to the random site occupation or periodically unoccupied sites in the non- 
stoichiometric Co2Mn^Ge5 films. The majority Mn t2g states at about -3.9 eV, that are 
responsible for the localized magnetic moment at the Mn atoms, are much less pronounced 
in the non-stoichiometric films compared to stoichiometric Co2MnGe. All the states far 
below ep influence mainly the magnetic but not directly the transport properties. 




Energy E^^-e^ [eV] 

FIG. 9. Valence band spectra of the Co2Mn^Ge5 films and Co2MnGe bulk sample. The excitation 
energy was set to 7.9392 keV. 

Most interesting with respect to the transport properties, in particular the use of the 
films in TMR devices, is the energy range close to the Fermi energy. The maximum in the 
density of the d states at -1.1 eV is clearly resolved in the spectra from all films and the 
intensity varies when Mn content is changed (see Figure [TO|l . This maximum in the intensity 
arises from Co t2g minority and Mn Cg majority states. Obviously, those states appear much 
stronger and sharper in the stoichiometric bulk sample pointing to their higher localization 
in the defect free sample. The intensity directly at ep is dominated by t2g majority states 
that are mainly located in the C02 planes of the compound. The increase of the Mn content 
enhances the intensity of the highest majority rf-band that is mainly responsible for the 
electronic transport properties. Such composition dependent behavior of the density of 
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states close to ep provides the possibility to tune the magnetoresistive characteristics of 
tunnel junctions by changing the composition of the Co2Mn^Ge5 electrode, as was previously 
proposed in Reference^. 




Energy £^,_^-£-j, [eV] 

FIG. 10. Valence band spectra close to ep. The spectra are taken for Co2MnGe bulk as well as 
thin C02Mn1.03Geo.38, C02Mno.77Geo.42, and C02Mno.67Geo.38 films. The excitation energy was set 
to 7.9392 keV. 

Figure [11] compares the valence band spectra on the buried C02Mno.77Geo.42 film taken 
with different photon energies of about 5.946 keV and 7.939 keV. The differences in the 
spectra are caused by the different weights of the partial cross-sections for s, p, and d 
electrons at different excitation energies^. With increasing energies the cross-sections for d 
electron excitation decrease faster than those for s or p electrons. Therefore, the contribution 
from d electrons is more pronounced at lower energy photo-excitation. The observed shift 
of spectral weight towards the Fermi energy in the non-stoichiometric films compared to 
bulk Co2MnGe is in agreement with the changes in the density of states predicted by the 
calculations. 

Furthermore, the valence band spectra of the 
C02Mno.77Geo.42 thin films taken at room temperature and at 20 K are compared in Figure fT2l 
No general changes in the electronic structure are observed in the spectra while changing 
temperature. At T = 20 K a small, additional peak appears that is caused by adsorbed 
carbon oxides on the surface of the samples while cooling. This observation provides evidence 
for the requirement on ultra high vacuum for HAXPES measurement even though this 
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FIG. 11. Comparison of the valence band spectra of the C02Mno.77Geo.42 film excited by different 
photon energies (5.9469 keV and 7.9382 keV). 

technique is bulk sensitive. Indeed, a massive contamination of the surface in the order of 
several layers will influence the HAXPES spectra. 

Figure [T2l^ b) shows a broadening of the spectra close to the Fermi energy. The broad 
spectral feature in the vicinity of the Fermi energy at 300 K compared to 20 K is caused 
by the temperature dependence of the Fermi-Dirac distribution. This observation is in 
agreement with reports showing that Co2MnSi films do not exhibit temperature effects in 
photoelectron spectroscopy^. 




-15 -10 -5 -0.2 0.0 0.2 

Energy E - [eV] 

FIG. 12. Valence band spectra of C02Mno.77Geo.42 film, (a) compares the spectra measured at 
different temperatures {hu = 5.9469 keV). (b) shows the energy range close to the Fermi energy 
on an enlarged scale. 
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V. SUMMARY AND CONCLUSIONS 



In summary, the electronic structure of off-stoichiometric Co2Mn^Ge5 alloys was investi- 
gated by first-principles calculations and bulk sensitive photoelectron spectroscopy on thin 
films. The electronic structure calculations demonstrate that the magnetic moments of Co 
and Mn atoms (including the antisitcs) arc nearly independent of the stoichiometry. This 
finding is in agreement with the core level photoelectron spectra where no differences in the 
multiplet splitting of the Mn 2p states was observed for different compositions. 

The formation of Comh antisites was found to be the most destructive depolarizing mech- 
anism. Corresponding results for the Mn-deficient alloy are in reasonable agreement with 
earlier measurements of TMR and magnetization. This finding also agrees with the valence 
band spectra which exhibit a noticeable smearing of the Mn t2g and Cg states for the Mn- 
deficient alloys. On the other hand, the relative decrease of the measured magnetization, 
especially the significant violation of the Slater-Pauling rule in the Mn-excessive regime, 
indicate the presence of additional disorder mechanisms different from the assumed types of 
antisites disorder. The valence band spectra of the buried Co2Mn^Ge5 thin films exhibit still 
some major differences compared to stoichiometric bulk Co2MnGe. However, the electronic 
structure of the non-stoichiometric films was found to reveal the major characteristic fea- 
tures of the bulk analogue. The observed shift of spectral weight towards the Fermi energy 
in the non-stoichiometric films compared to bulk Co2MnGe is in agreement with the changes 
in the density of states predicted by the calculations. Temperature effects on the states at 
the Fermi energy that go beyond the broadening of the Fermi-Dirac distributions are not 
observed. This is, indeed, expected from the high Curie temperature of the compound. 

Co-sputtering of Co2MnGe together with additional Mn is shown to be a well suited 
technique to tunc the stoichiometry of the Co2Mn/3Ge5 film composition that provides the 
possibility to change the electronic structure within the valence band and as a consequence 
the magnetoresistive characteristics of Co2Mn^Ge5 based tunnel junctions. 
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